Gram-negative sepsis and subsequent endotoxic shock remain major health problems in the United States. The present study examined the role of morphine in inducing sepsis. Mice administered morphine by the subcutaneous implantation of a slow-release pellet developed colonization of the liver, spleen, and peritoneal cavity with gram-negative and other enteric bacteria. In addition, the mice became hypersusceptible to sublethal endotoxin challenge. The effects were blocked by the simultaneous implantation of a pellet containing the opioid antagonist naltrexone. These findings show that morphine pellet implantation in mice results in the escape of gram-negative organisms from the gastrointestinal tract, leading to the hypothesis that morphine used postoperatively or chronically for analgesia may serve as a cofactor in the precipitation of sepsis and shock. In addition, morphine-induced sepsis may provide a physiologically relevant model of gram-negative sepsis and endotoxic shock.
Gram-negative sepsis and subsequent endotoxic shock conand interleukin (IL)-1, both of which have effects similar to those of bacterial lipopolysaccharide (LPS) when injected into stitute a major health problem, affecting ú100,000 persons annually in the United States and resulting in mortality rates as experimental animals [8, 9] , including elevated body temperature, hypotension, tachycardia, tachypnea, leukopenia, high as 40% [1, 2] . Sepsis frequently occurs following surgery, leading to endotoxic shock, multiple organ failure, and death. multisystem organ failure, and death. Other cytokines, including IL-6 [10] , interferon-g [11] , and IL-12 [12] , also contribute However, the exact factors and conditions leading to sepsis are not easily predictable and at present are unknown.
to the shock syndrome. More recently, chemokines have also been shown to play a role in the tissue injury associated with Laboratory studies using purified gram-negative lipopolysaccharide (LPS) or infection with gram-negative organisms demsepsis [13, 14] . Indirect evidence for opioid involvement in septic shock onstrate that many factors are involved in the pathology of septic shock. LPS can activate complement through both the comes from studies using opioid antagonists [15, 16] . Naloxone acts both prophylactically and therapeutically in preventing classical and alternate pathways. The subsequent release of the anaphylotoxins C3a and C5a can result in vasodilation and endotoxin-induced hypotension in rats [17, 18] and therapeutically in increasing mean arterial pressure and survival in endoincreased vascular permeability, as well as neutrophil activation [3, 4] . Platelet activating factor has also been shown to be toxin-treated dogs and monkeys [19, 20] . Further, a d-opioid receptor antagonist prevented endotoxic shock in rats [21] . In induced following LPS administration and to mediate tissue injury in rats [5, 6] . Eicosanoids, such as prostaglandins, thromaddition, the observation that m-and d-opioid receptor antagonists inhibit TNF-a -induced hyperthermia in the rat suggests boxanes, and leukotrienes, are also induced by LPS and may mediate vasoconstriction, platelet aggregation, and increased that TNF-a may act in part through the induction of endogenous opioid peptides [22] . There is some evidence to suggest vascular permeability [7] . Cytokine mediators of shock that have been identified include tumor necrosis factor-a (TNF-a) that opioid systems might play a functional role in cardiovascular regulation [16, 23] . On the basis of these and other experimental findings, naloxone therapy has been tested in limited trials in humans with Received 18 October 1996; revised 4 February 1997. sepsis [3] . Positive pharmacologic effects were observed in Presented in part: 57th annual scientific meeting of the College on Problems several studies [24 -26] on any of the plates. Systematic studies were then carried out to
We have previously noted differences in the capacities of determine whether morphine pellet implantation induces a sepsis syndrome and if the effect could be blocked by the opioid receptor morphine and other opioids to suppress immune function of antagonist naltrexone.
spleen cells in different mouse strains [29] . To rule out a possi- liver, whereas placebo-or morphine-plus naltrexone-treated probe; Tekmar, Cincinnati) until completely homogenized. Hoanimals did not. In particular, P. mirabilis and enterococci were mogenate (100 mL) was plated onto TSA plates. In one experiment, cultured from the organs of morphine-treated mice, whereas samples were also plated onto CDC anaerobe blood agar and CDC cultures from placebo-or morphine-plus naltrexone-treated laked blood agar with kanamycin and vancomycin (BBL, Becton Dickinson) and incubated anaerobically. All plates were incubated at 37ЊC overnight and examined for microbial growth. Positive Statistical analysis. Significance in incidence of colonization or in survival between groups was assessed by Fisher's exact test * Mice received subcutaneous implant of 75-mg morphine pellet, placebo using 2 1 2 tables [27] . Differences in mean time to death were pellet, morphine pellet plus 30-mg naltrexone pellet, or naltrexone pellet alone, assessed by the Wilcoxon rank order test [28] mice yielded mostly staphylococci or streptococci. From table As gram-negative infection sensitizes mice to endotoxin [30] , experiments were carried out to determine whether mor-2, which summarizes the incidence of colonization with enteric organisms, it is clear that only morphine-treated mice had sigphine sensitizes mice to LPS-induced lethality. As shown in table 3, mice receiving morphine pellets and a sublethal injecnificant colonization of liver, spleen, and peritoneal cavity with enteric bacteria.
tion of LPS all died, compared with 33% mortality in mice receiving a morphine pellet and an injection of saline. Implantation of a naltrexone pellet with the morphine pellet reduced the mortality following LPS injection from 100% to 30%. treated with morphine in vitro have depressed respiratory burst activity and a reduced capacity to elaborate cytokines in response to various stimuli [58, 59] . Chemotactic responses of human neutrophils are inhibited by morphine [60, 61] , as is inhalation, they receive a surgical incision, they have foreign body implants (i.e., the morphine pellet and the surgical clip), up-regulation of adhesion molecules on these cells [62] . Diminished capacity to mount nonspecific host defenses against orand they receive morphine. The surgical trauma and foreign body implants alone were not sufficient to induce sepsis, as ganisms that escape from the gastrointestinal tract could contribute to increased microbial burden in the organs and shown by the failure to culture large numbers of enteric organisms from placebo-or naltrexone-treated mice.
peritoneal cavity of morphine-treated mice.
The results described here present a model for spontaneous In mice given morphine pellets, serum morphine concentrations of Ç2 mg/mL were achieved 6 -24 h after pellet implantasepsis following morphine administration by slow-release pellets in mice. To explore the relevance of these findings for tion, which is significantly higher than what has been observed in humans receiving therapeutic doses of morphine. However, humans, studies using other animal models, including primates, and methods for administering morphine that more closely this declines to and remains at 0.6 mg/mL from 48 to 96 h [34] . A typical postoperative dose for humans might be 7 -10 mimic those used in humans should be carried out. If these findings are applicable to humans, they suggest mechanisms mg intravenously or 10 mg sc, which for a 70-kg person would result in an initial plasma level in the range of 0.2 -0.7 mg/mL for prevention of sepsis, including the use of nonopioid analgesics or possibly the use of opioid analgesics that have their [35, 36] . In addition, morphine is used in higher doses for anesthesia. Spontaneous mortality in morphine-treated animals primary effect on k-opioid receptors. has been reported for rats and mice [32, 37] . Our data support the hypothesis that these deaths may be the result of morphine-
